Multiple timescales of stochastically forced North Atlantic Ocean variability: A model study by Mecking, Jennifer V. et al.
Ocean Dynamics manuscript No.
(will be inserted by the editor)
Multiple Timescales of Stochastically Forced North1
Atlantic Ocean Variability: A model study2
J.V. Mecking · N.S. Keenlyside · R.J.3
Greatbatch4
5
Received: date / Accepted: date6
J.V. Mecking
GEOMAR Helmholtz Centre for Ocean Research Kiel
Düsternbrooker Weg 20, 24105 Kiel, Germany
Present address:
Ocean and Earth Science
National Oceanography Centre Southampton
University of Southampton
SO14 3ZH, UK
Tel.: +44 2380 59 4064
E-mail: j.mecking@noc.soton.ac.uk
N.S. Keenlyside
Geophysical Institute and Bjerknes Centre, University of Bergen
Bergen, Norway
R.J. Greatbatch
GEOMAR Helmholtz Centre for Ocean Research Kiel
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Abstract The Atlantic meridional overturning circulation (AMOC) and the7
subpolar gyre (SPG) are important elements in mechanisms for multidecadal8
variability in models in the North Atlantic Ocean. In this study, a 2000 year9
long global ocean model integration forced with the atmospheric patterns as-10
sociated with a white noise North Atlantic Oscillation (NAO) index, is shown11
to have three distinct timescales of North Atlantic Ocean variability. First,12
an interannual timescale with variability shorter than 15 years, that can be13
related to Ekman dynamics. Second, a multidecadal timescale, on the 15-6514
year range, that is mainly concentrated in the SPG region and is controlled15
by constructive interference between density anomalies around the gyre and16
the changing NAO forcing. Finally, the centennial timescales, with variability17
longer than 65 years, that can be attributed to the ocean being in a series of18
quasi-equalibrium states. The relationship between the ocean’s response and19
the NAO index differs for each timescale; the 15 year and shorter timescales20
are directly related to the NAO of the same year, 15-65 year timescales are21
dependent on the NAO index in the last 25-30 years in a sinusoidal sense while22
the 65 year and longer timescales relate to a sum of the last 50-80 years of the23
NAO index.24
Keywords North Atlantic · NAO · Atlantic Multidecadal Variability ·25
AMOC · Subpolar gyre · Stochastic · OGCM26
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1 Introduction27
With the current increasing concern over anthroprogenic climate change, it is28
becoming more important to understand the natural variability in the Earth’s29
climate system. The ocean plays an important role in the global climate sys-30
tem, with the North Atlantic carrying the largest part of the oceanic northward31
heat transport (Wunsch (2005)). The typical conveyer belt schematic of the32
large-scale global ocean circulation depicts both vertical and horizontal flows33
(Broecker et al (1991)). In the observational record of North Atlantic sea sur-34
face temperature (SST) a multidecadal signal with a period of approximately35
75 years is present (Kerr (2000), Enfield et al (2001) and Knight et al (2005)),36
often referred to as Atlantic Multidecadal Variability (AMV) or the Atlantic37
Multidecadal Oscillation. This multidecadal SST signal can be seen as the38
fingerprint of multidecadal variability in the entire North Atlantic basin (e.g.39
Zhang (2008)). Unfortunately, the observational record of SST only extends40
back to 1870 (Rayner et al (2003)) making it difficult to determine whether41
or not the multidecadal signal in the SST is an internally generated oscilla-42
tion or is present by chance and perhaps aided by external forcing (Otter̊a43
et al (2010), Booth et al (2012)). Of particular interest in this study are the44
Atlantic Meridional Overturning Circulation (AMOC) and the subpolar gyre45
(SPG) strength. We shall mainly be concerned with interannual to centennial46
variability of both the AMOC and SPG.47
Within the existing proxy data (e.g. ice cores and corals) and model data48
(e.g. AMOC and SPG strength) various timescales of multidecadal variability49
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have been shown ranging from 20 year timescales (e.g. in models: Dong and50
Sutton (2005), Born and Mignot (2012) and in proxy data: Chylek et al (2011))51
to multidecadal and longer timescales (e.g. in models: Menary et al (2012) and52
in proxy data: Svendsen et al (2014)). It is not uncommon to find variability53
on multiple timescales present in the North Atlantic Ocean at the same time;54
again, this effect is not only seen in model data (e.g. Alvarez-Garcia et al55
(2008), Park and Latif (2011) and Delworth and Zeng (2012)) but also in56
proxy data (e.g. Saenger et al (2009) and Chylek et al (2012)). However, in57
order to be able to decrypt the physics behind this variability it is useful to58
turn to modelling studies.59
Several modelling studies have looked into explaining the mechanisms be-60
hind multidecadal variability in the North Atlantic (e.g. Dijkstra et al (2006),61
Born and Mignot (2012) and Medhaug et al (2012)). In many cases these62
mechanisms involve convection in the northern regions of the North Atlantic63
(Delworth et al (1993), Born and Mignot (2012) and Medhaug et al (2012)).64
In particular, the Labrador Sea is an important region for deep convection,65
as seen in both modelling studies (e.g. Medhaug et al (2012)) and in obser-66
vations (e.g. Dickson et al (1996)). Unfortunately, most coupled atmosphere-67
ocean models often have difficulty placing the convection in the correct loca-68
tions, with the convection favouring the region south of Greenland and/or the69
Irminger Sea (Born and Mignot (2012), Ba et al (2014)) as opposed to the70
Labrador Sea and Greenland Sea as seen in observations (Dickson et al (1996)71
and de Boyer Montégut et al (2004)). An increase in convection in the northern72
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North Atlantic often leads to an increase in the strength of the AMOC after73
a few years (e.g. Delworth et al (1993), Medhaug et al (2012) and Ba et al74
(2014)). Several studies have shown that various North Atlantic atmospheric75
patterns are important in driving or exciting the multidecadal variability in76
the North Atlantic (e.g. Eden and Jung (2001), Medhaug et al (2012) and77
Langehaug et al (2012)), among these often the most important atmospheric78
pattern is the North Atlantic oscillation (NAO).79
The NAO, the dominant atmospheric pattern in the winter North Atlantic80
sector (Hurrell (1995)), is a measure of the strength of the westerly winds81
blowing across the North Atlantic (e.g. Greatbatch (2000)). The integrated82
effect of the NAO on the ocean has been seen through observational data (e.g.83
Curry and McCartney (2001)), analytical analysis and simple models (Zhai84
et al (2014)). Eden and Willebrand (2001) showed that an ocean-only model85
forced with fluxes associated with the NAO reproduces almost all of the vari-86
ability in the meridional heat transport at 48◦N simulated by the same model87
forced with full atmospheric fluxes (correlation of 0.9). Furthermore, studies88
have shown that variability on multidecadal timescales in the North Atlantic89
can be excited by NAO forcing alone (e.g. Eden and Jung (2001)) and there is90
the potential for certain timescales of variability to be favoured (Visbeck et al91
(1998), Krahmann et al (2001) and Eden and Greatbatch (2003)).92
Previous ocean-only modelling studies investigating the response to NAO93
forcing have considered NAO forcing of either a single sign (Eden and Wille-94
brand (2001), Lohmann et al (2009b)), with specified frequencies (Visbeck et al95
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(1998), Krahmann et al (2001)) or with the historical evolution of the NAO in-96
dex (Eden and Jung (2001)). These restrictions limited the previous studies to97
examining a relatively short timespan of model output. Mecking et al (2014)98
used an ocean general circulation model (OGCM) forced with a 2000 year99
long white noise NAO, and thus avoid these restrictions. This model setup is100
capable of generating multidecadal to centennial variability in the North At-101
lantic Ocean, with the AMOC index and the SPG strength showing different102
temporal characteristics in their responses to the NAO forcing, without any103
preferred periodicity. In this paper we continue the analysis of this 2000 year104
long NAO forced model integration with the goal of gaining an insight into the105
mechanisms behind the different timescales in the model response to the NAO106
forcing. Section 2 gives an overview of the model setup used in this study.107
Section 3, introduces the different timescales - interannual, multidecadal and108
centennial - seen in the AMOC at 30◦N and the SPG strength. Previous stud-109
ies have typically only focused on one timescale of variability. In addition to110
considering three different timescales, this study uses an ocean model resolu-111
tion that is much higher than that of relevant previous studies (e.g. Eden and112
Jung (2001), Lohmann et al (2009b)). Sections 4, 5 and 6 focus in detail on113
each of these three timescales. Section 7 revisits the weighted NAO integration114
technique from Mecking et al (2014) in which weighted moving averages of the115
NAO index are related to indices of the AMOC and SPG strength. Finally,116
the results are summarised and discussed in section 8.117
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2 Model set-up118
The Nucleus for European Modelling of the Ocean (NEMO) ocean general cir-119
culation model (OGCM) version 3.1 is used (Madec et al, 1998) in this study.120
The OGCM is used with the tri-polar ORCA05 grid, which has a horizontal121
resolution of approximately 0.5◦, with slightly higher meridional resolution122
towards the poles, and 46 vertical levels varying from a 6 m thickness at the123
surface to 550m at depth (Madec and Imbard (1996)). The Drakkar param-124
eter configuration (The Drakkar Group (2007)), which has been successfully125
used in previous modelling studies (see Barnier et al (2006)), is used in this126
study. A surface salinity restoring of 150 days to climatology is employed to127
avoid model drift, partial steps are used to increase bottom resolution and the128
Gent and McWilliams (1990) eddy parameterisation is applied. An interac-129
tive sea ice model, LIM2, is also included in this model set-up (Timmermann130
et al, 2005). The atmospheric forcing used in this modelling study is based131
on the 10 m temperature, 10 m winds, 10 m humidity, shortwave radiation,132
longwave radiation and precipitation from the COREv2 dataset (Large and133
Yeager (2004), Large and Yeager (2009)) .134
The stochastically forced (SF) model experiment used in Mecking et al135
(2014) is analysed in this study. In this experiment, the OGCM is forced136
by atmospheric forcing associated with a monthly white noise NAO index,137
using a technique similar to that in Eden and Jung (2001) (see sections 2.2138
and 2.3 from Mecking et al (2014) for a detailed explanation). The SF forced139
integration is started from year 725 of a climatological model integration using140
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climatological (normal year) forcing from the COREv2 dataset (Large and141
Yeager (2004), Large and Yeager (2009)) and then run for 2000 years using a142
white noise NAO forcing (Figure S1a). The first 150 years were omitted from143
the analysis to avoid any shock caused by switching from climatological to144
interannually varying forcing.145
The current model setup has been chosen since it has a global ocean con-146
figuration with a resolution higher than any previous studies of the same type,147
as well as, being able to sustain a stable AMOC circulation. In the previous148
study, Mecking et al (2014), the model setup using the observed NAO forcing149
was shown to be capable of simulating the multidecadal variability observed150
in the high latitude North Atlantic SSTs. Furthermore, this experiment is able151
to capture some of the more prominent features in the AMOC at 30◦N and152
SPG strength in a model integration that uses the full atmospheric forcing153
fields based on reanalysis, in particular the drop in both the AMOC at 30◦N154
and SPG strength around 1975.155
All model results in this study are presented based on an annual temporal156
resolution. Typically an annual mean is used but in some cases the annual157
maximum or a mean over the winter months is used instead. Hence, in the158
results presented in this study the lowest period resolved is 2 years in the159




In the current setup the model is forced with the 10 m temperature, winds and163
specific humidity, long- and shortwave radiation and precipitation as opposed164
to the fluxes directly. Therefore the heat, momentum and fresh water fluxes165
are computed by the ocean model and can vary with the state of the ocean.166
The resulting heat flux forcing associated with the NAO does not differ much167
from what is expected from observations (Visbeck et al (2003), Figure 1a).168
As expected, the positive minus negative NAO difference is associated with a169
large area of upward heat flux over the Labrador Sea and a narrow region from170
the east coast of Greenland up to Svalbard. The winter vertical component171
of wind stress curl (hereafter just referred to as wind stress curl) associated172
with the positive minus negative NAO difference shows a mostly positive curl173
north of approximately 55◦N, with the main exceptions being along the eastern174
coasts of Canada and Greenland. South of 55◦N, the wind stress curl is mostly175
negative (Figure 1b). It should be noted that the surface fluxes are computed176
using the bulk formulae from the input atmospheric fields and the ocean model177
output (in particular the ocean SST and the ocean surface velocity, the latter178
being used in the computation of the surface wind stress). Since the bulk179
formulae are nonlinear, there is no guarantee that the fluxes that force the180
model have the same white spectrum as the input atmospheric variables. For181
wind stress curl over the SPG region, there is not much difference in the power182
spectrum from that of the white noise used for the NAO index (Figure S1a,c).183
However, the power spectrum for the surface heat flux over the SPG region184
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shows a distinct reddening (Figure S1b). Surface heat flux is proportional185
to the difference between the surface air temperature and SST. While SST186
variations themselves result from fluctuations in surface heat flux and oceanic187
processes, which lead to a reddening of the SST and thus a reddening of the188
heat flux spectrum.189
3 Model results190
Ocean convection, an important component in several mechanisms of the191
AMOC (Dickson et al (1996)), is measured by means of the surface mixed192
layer depth, here defined as the depth at which the potential density (refer-193
enced to the surface) differs from the surface value by 0.1 kg/m3. The mixed194
layer depth, using this definition, is given as standard model output from195
NEMO and we believe it gives good insight towards the convective behaviour196
of the model. In our simulations the main convection regions in the North At-197
lantic region are the Labrador and Greenland Seas (Figure 2a). The Greenland198
Sea convection region is found right at the ice edge (Figure 2a) and with the199
exception of approximately 5 years, the maximum mixed layer depth in each200
year throughout the 2000 year long SF model integration is always greater201
then 3000 m (not shown). This in contrary to the sea saw hypothesis put forth202
by Dickson et al (1996), where convection in the Labrador Sea is in phase with203
the NAO and the convection in the Greenland Sea is out of phase with the204
NAO, since here there is no variability in the Greenland Sea convection.205
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Both the AMOC and SPG form important parts of the ocean circulation206
in the North Atlantic Ocean basin. The Atlantic meridional streamfunction is207
defined as follows:208





v(x, y, z′, t)dz′dx, (1)
where v(x, y, z, t) is the meridional velocity in the Atlantic Basin minus the209
Atlantic section mean meridional velocity at each latitude (to remove the210
barotropic transport component) and H = H(x, y) is the ocean depth. The211
mean AMOC streamfunction from the SF integration shows both the positive212
North Atlantic Deep Water circulation cell and the negative Antarctic Bottom213
Water circulation cell (Figure 2b - Figure 4b from Mecking et al (2014)). The214
maximum in the AMOC streamfunction occurs near 30◦N and at a depth of215
793 m with a value of 13.25 Sv. The maximum value of the AMOC is weaker216
than in observations (18.7 Sv according to Cunningham et al (2007)) but still217
falls within the range of ocean-only models (Griffies et al, 2009). Therefore218
we choose to define the AMOC index in this study as the maximum value of219
the meridional streamfunction at 30◦N (Figure 2b,3b). Some properties of the220
AMOC at 30◦N were already discussed in Mecking et al (2014); in this study221
they will be examined more closely. Of particular interest is the abrupt change222
in the power spectrum at a period of about 65 years (Figure 4a); in this case223
a first order autoregressive (AR(1)) process is clearly not a good fit for the224
AMOC spectrum at 30◦N (Mecking et al, 2014).225
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The mean barotropic streamfunction from the SF integration in the North226
Atlantic models shows both the counterclockwise SPG and the clockwise sub-227
tropical gyre (Figure 2c). The SPG strength is defined as the mean of the228
annual mean barotropic streamfunction averaged over the region 60◦W to229
15◦W, 48◦N to 65◦N as in Lohmann et al (2009a) (Figure 2c; Figure 4c from230
Mecking et al (2014)), which is then multiplied by -1 allowing positive values231
the SPG strength to indicate an increase in gyre strength. As with the AMOC232
at 30◦N, although the SPG strength shows stronger variability at low frequen-233
cies than at high frequencies, an AR(1) process is not an ideal fit (Mecking234
et al, 2014). However, the transition to the long timescales of variability is not235
as abrupt as for the AMOC at 30◦N (Figure 4b). The power spectrum of the236
SPG strength shows much stronger variability in the middle range timescales237
(15-65 years) than the power spectrum of the AMOC at 30◦N. However, the238
power spectrum of the SPG strength shows a sharp drop in spectral power at239
approximately 65 years (Figure 4b). This suggests dividing the time series into240
3 different frequency bands; the interannual (timescales shorter than 15 years;241
changing the cut-off by ±5 years does not alter the results significantly), the242
multidecadal (timescales of 15-65 years) and the centennial (timescales longer243
than 65 years). The timeseries were then filtered using a fifth order Butter-244
worth filter in order to separate the interannual, multidecadal and centennial245
timescales; that is using a high pass filter with 15 year cut off, a band pass246
filter with a 15-65 year band and a low pass filter with a 65 year cut off, re-247
spectively (Figures 3, 4; red, green and blue colouring). The amplitude of the248
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variability in the AMOC at 30◦N is clearly weaker on the 15-65 year timescale249
relative to the 65 year and longer timescale, while the amplitude variability of250
the SPG strength does not differ much between the 15-65 year timescale and251
the 65 year and longer timescale (Figure 3). Similar to the AMOC at 30◦N,252
the mixed layer depth in the Labrador Sea also has a weaker variability on the253
15-65 year timescale than on the 65 year and longer timescale (Figure 3).254
The following sections focus on describing the properties of the interannual255
(15 years and shorter), the multidecadal (15-65 years) and centennial (65 years256
and longer) timescales in more detail.257
4 Interannual Timescale258
Computing the cross-correlations between the 15 year high pass filtered NAO,259
AMOC at 30◦N, and SPG strength shows that there are strong correlations260
in phase with the NAO index and the correlation quickly drops off thereafter261
(Figure 5a,b). The AMOC at 30◦N is positively correlated with the NAO with262
a significant correlation of 0.70 at 0 lag (Figure 5a). On lags of one year and263
longer, the correlation between the the NAO index and the AMOC at 30◦N264
changes sign and becomes very small but remains significant (Figure 5a). The265
SPG strength and the NAO index have a significant negative correlation of266
-0.74 at 0 lag, and the correlation again becomes very small and changes sign267
at larger lags (Figure 5b). This result is similar to Eden and Willebrand (2001)268
where the initial response of the SPG to the NAO changes sign after about 3269
years.270
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The barotropic streamfunction associated with a positive NAO minus neg-271
ative NAO index has a large area of positive barotropic streamfunction (spin-272
down of the SPG) covering much of the North Atlantic (Figure 6a) and a273
weaker negative anomaly over the region surrounding Iceland. Comparing the274
anomalies in the barotropic streamfunction to the mean SPG (Figure 2c and275
Figure 6a) shows that the associated spin-down of the SPG on the interan-276
nual timescales corresponds to a decrease in the western part of the gyre only.277
The circulation in the Nordic Seas is in contrast enhanced. The response of278
the barotropic streamfunction to the wind forcing is what is expected from279
the topographic Sverdrup relationship (Figure 6a and Figure 1b1) as noted by280
Eden and Willebrand (2001).281
The AMOC pattern associated with the 15 year high pass filtered positive282
NAO minus negative NAO index shows two cells of meridional overturning;283
one with a positive overturning centred at 30◦N with a maximum at a depth284
of about 2.5 km and the other with a negative overturning centred at about285
50◦N and with maximum at a depth of about 0.5 km (Figure 6b). This over-286
turning cell, with Ekman transport in the surface layer, is what is expected287
from the directly wind driven AMOC. Previous studies have shown that inter-288
annual variability in the AMOC is strongly related to the atmospheric forcing289
(Roberts et al (2013)), in particular the interannual AMOC variability can290
be linked to the NAO (Atkinson et al (2010)). Therefore to help explain the291
1 Note that using the high pass filtered NAO index as opposed to the unfiltered NAO
index to compute the wind stress curl pattern gives an almost identical result.
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double cell structure in the AMOC, we again turn to the wind stress curl.292
Since the 15 year high pass filtered AMOC at 30◦N is positively correlated293
with the NAO (Figure 5a) we can compare with the wind stress curl pattern294
in Figure 1b. From Ekman pumping, ρw = f k̂ · (∇× τ̄ ), where ρ is the density,295
w is the vertical velocity at the bottom of the Ekman layer and τ is the wind296
stress, we know that a positive (negative) wind stress curl will lead to upward297
(downward) Ekman pumping. From Figure 1b, the positive wind stress curl298
centred near 65◦N coincides with a region of anomalous upwelling at 65◦N299
and the negative wind stress curl centred at 45◦N coincides with the region300
between the two cells where there is anomalous sinking (Figure 6b).301
For the interannual timescales it is clear that the SPG strength and the302
AMOC variability is strongly associated with the immediate response of the303
ocean to the wind stress through the Ekman dynamics, similar to the results304
from Eden and Willebrand (2001).305
5 Multidecadal Timescale306
From the power spectrum (Figure 4a,b) and the filtered timeseries (Figure307
3, green) it is evident that the AMOC at 30◦N does not have a very strong308
signal on the 15-65 year timescale; in contrast the SPG strength and AMOC309
at higher latitudes has a more prominent signal on these time scales. The310
standard deviation of the AMOC when filtered with a 15-65 year band pass311
filter shows that the area of strongest variability, with a standard deviation312
of 0.4 Sv, is centred at approximately 48◦N and a depth of 2 km (Figure313
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S2a). Figure S2b shows that the power spectrum of the time series of the314
maximum AMOC at 48◦N more closely resembles the power spectrum of the315
SPG strength (Figure 4b) than does the power spectrum of the AMOC at 30◦N316
(Figure 4a). The power spectrum of the SPG strength has a local maximum317
at 33 years in the multidecadal timescales range (Figure 4b). However, this318
peak in the power spectrum is relatively broad suggesting oscillatory periods319
can range around this period.320
The auto-correlation of the filtered AMOC at 30◦N and SPG strength321
timeseries show minima at ±13 years lag, suggesting an oscillation with a322
period of approximately 26 years (Figure 5c,d). The cross-correlation between323
the filtered AMOC at 30◦N and NAO indices shows a significant correlation324
with a maximum of 0.34 when the NAO leads by 8 years (Figure 5c). The325
cross-correlation of the filtered SPG strength and NAO indices has a maximum326
significant correlation of 0.69 with the NAO leading by 6 years (Figure 5d).327
Despite the AMOC at 30◦N having a weak signal on multidecadal timescales it328
lags the SPG strength by 4 years with a significant correlation of 0.66, similar329
to the relationship between the SPG strength and AMOC seen in Lohmann330
et al (2009b).331
The spatial pattern of the barotropic streamfunction associated with the332
years in which the SPG strength is a maximum minus the years in which333
the SPG strength is a minimum shows a negative anomaly of the barotropic334
streamfunction covering a similar region as the mean SPG (Figure 2c,7c).335
The pattern in the barotropic streamfunction 14 years before maximum in336
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SPG strength is similar to Figure 7c but with the opposite sign (not shown);337
the same is true when using data from 14 years after the extrema in SPG338
strength. This indicates an oscillatory behaviour with a period of approxi-339
mately 28 years. Density in the centre of the gyre is an important aspect of340
mechanisms for SPG strength variability; in the study of Born and Mignot341
(2012), a maximum in density at the centre of the SPG occurs in phase with342
the maximum in SPG strength. The density of the upper 208 m (upper 14343
model levels and approximate mean mixed layer depth in that region) shows a344
maximum density in the centre of the gyre region 7 years before the maximum345
in SPG strength occurs (Figure 7b). The maximum surface density anomaly346
over the SPG occurs in phase with a positive NAO index and leads to a pattern347
in the barotropic streamfunction similar to the pattern in phase with the 15348
year high pass filtered NAO (Figure 6a,7a). A density anomaly of the opposite349
sign appears 7 years after the maximum in SPG strength (not shown) leading350
to an oscillatory cycle of approximately 28 years.351
To further investigate the density signal in the centre of the gyre an annual352
mean potential density profile is made in box C in Figure 8. Lagged composite353
analysis of the potential density profile and the 15-65 year band pass filtered354
SPG strength shows that the density anomaly reaches its maximum depth355
almost in phase with the 15-65 year filtered SPG strength (Figure S3). How-356
ever, as before, a maximum in surface density anomaly is found 7 years before357
a maximum in SPG strength and appears to be confined to the mixed layer358
(Figure 9a).359
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When examining year by year the density anomalies associated with the360
15-65 year band pass filtered SPG strength, density anomalies appear to be361
propagating around the SPG. In the studies of Sutton and Allen (1997) and362
Alvarez-Garcia et al (2008), SST anomalies propagate along the Gulf Stream363
and then along the North Atlantic Current on multidecadal timescales. This364
propagation of SST anomalies is too slow to be associated with the mean365
currents, suggesting it has to either be related to currents below the surface,366
currents not in the strongest part of the Gulf Stream, anomalous advection or367
some other mechanism (Sutton and Allen (1997)). Here we have setup profiles368
along the path of the SPG (Figure 8, red boxes). Tracing the density anomalies369
around the SPG using the 15-65 year band pass filtered SPG strength shows370
that anomalies propagate around the SPG with a period of approximately 25371
years (Figure 9a). Density anomalies from box 1 make their way relatively372
slowly to box 4-6 taking approximately 15 years. This density anomaly takes373
another 10 years to go from box 6 back to box 1 to complete the cycle (Figure374
9a). These timescales are similar to what is found in the studies of Sutton and375
Allen (1997) and Alvarez-Garcia et al (2008).376
The ≈26-28 year periodicity in the SPG can be understood in terms of a377
positive interference between the advection of density anomalies around the378
gyre and the NAO-related wind forcing. First, note in contrast to the heat379
fluxes, wind stress curl spectra is essentially white and does not exhibit a380
minimum on multidecadal timescales (Figure S1); furthermore the pattern of381
the wind stress curl associated with the NAO on these timescales is almost382
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identical to Figure 1b with a smaller amplitude, as expected. Consider NAO383
variations with ≈26 year periodicity. During the positive NAO phase wind384
stress curl is negative over the region containing boxes 8 and 1 (Figure 9b),385
leading to downwelling, and in turn an increase in temperature in the upper386
layers, due to warm surface waters being brought down to deeper depths, and387
a decrease in density (Figure 9a). This decrease in density originates along388
the Labrador Current where the wind stress curl due to the NAO is strongest389
(Figures 1b,7b). After 10-15 years this anomaly will propagate to boxes 4, 5,390
and 6. The NAO is now negative, and wind stress curl over boxes 4,5, and 6391
is negative (Figure 9b), which reinforces the anomalies advected from boxes 8392
and 1. After another ≈10 years, the anomalies will have propagated back to393
boxes 8 and 1, the NAO will again be positive, and the anomalies will be fur-394
ther reinforced (Figures 9a,b). Thus, there is a constructive interference when395
NAO periodicity matches the advective timescale of the SPG. This argument396
holds equally when starting with a negative NAO, but in the opposite sense.397
Performing similar analysis with the heat fluxes (not shown) does not show398
very strong connections on these timescales and for some points along the path399
the heat flux creates destructive interference. The mechanism described above400
is reminiscent of that described by Krahmann et al (2001), and analogous to401
the mechanism proposed by Saravanan and McWilliams (1998). In our model402
simulation the preferred timescale for variability is slightly longer than the403
timescale with the strongest response in the ocean in Krahmann et al (2001).404
However, in Sutton and Allen (1997) it takes the temperature anomalies ≈6405
20 J.V. Mecking et al.
years to propagate along the North Atlantic Current part of the gyre (from406
the 3500 km to the 7000 km points in Figure 2a of Sutton and Allen (1997)),407
similar to the propagation time presented here (≈6 years from box 2-4, Figure408
9a).409
In summary, the multidecadal (15-65 year) timescale shows strong variabil-410
ity in the SPG region. A density anomaly located in the upper 208 m at the411
center of the SPG leads the SPG strength by 5-7 years and when this anomaly412
reaches its maximum depth it becomes in phase with the SPG strength. The413
variability of the multidecadal timescale is related to the propagation of den-414
sity anomalies around the SPG and their constructive interference with density415
anomalies generated by the wind stress related to the NAO on these timescales.416
6 Centennial Timescale417
The power spectra of both the AMOC at 30◦N and the SPG strength show418
strong variability on the 65 year and longer timescales (Figure 4a,b, blue). The419
flattening out of the spectrum on these timescales is an indication that the420
model has a quasi-equalibrium response to the applied forcing. Furthermore,421
from the work done in Mecking et al (2014), we know that the signals on the422
long timescales are a response to the low frequency signal in the white noise423
NAO index.424
The cross-correlation analysis of the 65 year low pass filtered data has the425
NAO leading the AMOC at 30◦N (SPG strength) by 36 (15) years with a426
significant correlation of 0.68 (0.61) (Figure 5e,f). Furthermore, the auto- and427
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cross-correlation analysis of the 65 year low pass filtered timeseries shows no428
indication of a possible oscillatory behaviour; for all auto- and cross-correlation429
curves the largest correlation is positive and significant at 95% but none of430
the negative correlations are significant (Figure 5e,f). The lack of a significant431
negative correlation in the auto-correlation suggests that there is no oscillation432
present on these timescales. In the 65 year low pass filtered timescales, the433
mixed layer depth in the Labrador Sea has a strong signal (Figure 3); this434
signal is in phase with the AMOC at 30◦N with a correlation of 0.94. The mixed435
layer depth in the Labrador Sea plays an important role on the centennial436
timescales with the Labrador Sea being the main region of convection on these437
timescales (not shown). Similar to the coupled model study by Ba et al (2013)438
on multidecadal (periods > 50 years) to centennial timescales the salinity439
dominates the mixed layer density variability and the temperature only plays440
a minor damping role (Figure S5). This also supports the results by Huang441
et al (2014), where they show that in the majority of coupled models they442
examined, salinity dominates the convection on long timescales.443
The spatial pattern of the AMOC associated with the quasi-equalibrium444
states on the centennial timescales is essentially single signed with a max-445
imum centred at about 35◦N and at a depth of 1.5 km (Figure 10a). The446
pattern of a persistent positive minus negative AMOC suggests that the up-447
per overturning cell strengthens and deepens (weakens and shallows) during448
a persistent phase of positive (negative) AMOC at 30◦N, while the lower,449
weaker overturning cell is only very marginally weakened (strengthened) (Fig-450
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ures 10a,2b). The barotropic streamfunction associated with the maximum451
minus minimum in SPG strength on the 65 year and longer timescales shows452
that the SPG spins-up with persistent positive NAO forcing and spins-down453
with persistent negative NAO forcing (Figure 10b,5f).454
On the centennial (65 year and longer) timescales both the power spectra455
and auto-correlation analysis indicates that the ocean model is in a series of456
quasi-equalibrium states requiring several years to set-up. More evidence for457
the series of quasi-equalibrium states comes from the wavelet spectra (Figure458
3 in Mecking et al (2014)) where on long periods the wavelet spectrum of the459
NAO is reflected in the wavelet spectrum of the AMOC.460
7 NAO Integration461
Examining the coefficients in a weighted NAO index reconstruction of the462
AMOC index and SPG strength helps shed further light on the different rela-463
tionships between the NAO forcing and the ocean circulation.464
In Mecking et al (2014), it was shown that the AMOC at 30◦N and the465
SPG strength in an idealised NAO forced simulation can be reconstructed by466
integrating the NAO index as follows:467
index(t) = α0 +
q"
k=1
αkNAO(t− k + 1) + ξ(t), (2)
where q is the number of years of the NAO used to compute the index (either468
AMOC or SPG strength), with the αk’s computed using a linear regression469
method and ξ(t) representing a residual term. These results showed that the470
Stochastic Timescales 23
AMOC can be reconstructed using 53 previous years of the NAO with a corre-471
lation of 0.67 on decadal timescales (running mean of 11 years) and the SPG472
strength can be reconstructed using 10 previous years of data with a corre-473
lation of 0.61 on decadal timescales. However, the reconstruction of the SPG474
strength can be improved by extending the number of years of the NAO used475
to at least 50 years. Upon closer examination we see that the reconstruction476
using only 10 years of the NAO index only captured the shorter timescales,477
and had weaker variability on the centennial timescales (Figure S4). Taking a478
closer look at the NAO integration coefficients reveals three distinct behaviours479
(Figure 11, black circles): 1) For both the AMOC and SPG strength the coef-480
ficient for the NAO at lag 0 (i.e. α1) is very large and in the case of the SPG481
strength of opposite sign to the majority of the remainder of the coefficients.482
2) In the case of the SPG strength the first 12 coefficients are large relative483
to the remainder of the coefficients but this distinction is not as clear in the484
coefficients from the AMOC at 30◦N. 3) The coefficients up to approximately485
75 years for the AMOC and 50 years for the SPG strength are all relatively486
small and positive.487
Using the filtered timeseries to compute the integrated NAO2 fits, reveals488
the different behaviours on the different timescales (Figure 11a,b). On the489
interannual timescales both the AMOC at 30◦N and the SPG strength have490
large values for the first few coefficients, with α1 being the largest by far and of491
2 For the integrated NAO fits, the time series being reconstructed were filtered but the
NAO index used remained unfiltered.
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opposite sign for the AMOC and the SPG strength (Figure 11, red triangles).492
The opposite sign of the first and second coefficient supports the change of493
sign in the response to the NAO in the AMOC index and SPG strength after494
2-3 years from the initial response. For the long time scales the behaviour of495
the integrated NAO coefficients are similar for both the AMOC index and the496
SPG strength, all having relatively small, positive values for 75 and 50 years,497
respectively, (Figure 11, blue triangles). This implies that having persistent498
NAO forcing for at least 50 years will be reflected in the AMOC and SPG499
strength timeseries, adding to the evidence that on the centennial timescales500
the ocean is in a quasi-equilibrium state requiring about 50 years to setup. The501
coefficients for the multidecadal timescale reconstruction are almost zero in the502
case of the AMOC index (Figure 11a, green triangles), supporting the evidence503
that there is only very weak variability on these timescales. However, for the504
SPG strength, the integrated NAO coefficients for the 15-65 year timescales505
show an interesting behaviour, with the coefficients having a sinusoidal shape506
with a maximum at approximately α8 and minimum at approximately α17507
giving a period of roughly 8+17=25 years (Figure 11b, green triangles). The508
sinusoidal shape of the α’s has the consequence of enhancing the power at509
timescales with similar period, causing the broad peak at near 25 years in the510
power spectrum of the SPG strength and reducing the amplitude of variability511
on longer timescales leading to the drop in the amplitude of the variability at512
time scales near 60 years (Figure 4b). Summing the integrated NAO coefficients513
computed from the filtered timeseries gives the NAO coefficients from the514
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unfiltered timeseries. In particular, in the SPG strength case, summing the515
integrated NAO coefficients from the 65 year low pass filtered timescales with516
the 15-65 year band pass filtered integrated NAO coefficients from α15 to α25517
leads to these coefficients becoming zero. This lead to the initial hypothesis518
that reconstructing the SPG strength only required 10 years of NAO data519
(Mecking et al (2014)), however, it underestimated the centennial timescales520
Figure S4).521
8 Conclusions and Discussion522
This paper continued the analysis of the 2000 year long stochastically forced523
(SF) model integration introduced in Mecking et al (2014), describing the var-524
ious timescales of variability. Through analysis of the power spectra of the525
AMOC at 30◦N and the SPG strength, the model output was divided into526
three different timescales of variability: interannual (15 years and shorter),527
multidecadal (15-65 years) and centennial (65 years and longer). A short sum-528
mary of the model behaviour follows:529
– On the interannual timescales the first coefficient of the integrated NAO fit530
is the largest, suggesting a strong immediate response to the NAO. The re-531
sponse to the NAO forcing on these timescales is mainly driven by Ekman532
dynamics as in Eden and Willebrand (2001), with the delayed response533
most likely wind driven. The SPG spins down for positive values of the534
NAO due to the topographic Sverdrup response to the wind forcing. The535
AMOC generates two anomalous overturning cells, a positive one centred536
26 J.V. Mecking et al.
at 30◦N and a negative one centred at 50◦N; these are mainly due to the537
effects of downward Ekman pumping and Ekman upwelling associated with538
the wind stress curl.539
540
– The multidecadal (15-65 year) timescales have integrated NAO coefficients541
for the SPG strength that have the shape of approximately one period of542
a sinusoid. This multidecadal timescale is dominated by variability in the543
SPG with a period of around 26-28 years and can be related to density544
changes in and around the centre of the gyre. The reinforcement of vari-545
ability on these timescales is due to the constructive interference of the546
density anomalies being advected around the SPG and the NAO gener-547
ated wind stress curl forcing on these timescales, similar to the mechanism548
discussed in Krahmann et al (2001).549
550
– The centennial timescale has integrated NAO coefficients that are all pos-551
itive and have nearly the same value. These integrated NAO coefficients552
are non-zero for the first 75 years in the reconstruction of the AMOC at553
30◦N and for the first 50 years of the SPG strength. Evidence from the554
centennial timescales suggests that the ocean model variability is in a se-555
ries of quasi-equilibrium states in response to the changing forcing on these556
timescales.557
This study examines the behaviour of an ocean-only model to a stochas-558
tic NAO forcing, focusing on variability present on 3 different timescales. For559
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two of the timescales the variability resembles what has been seen in previ-560
ous ocean-only modelling studies investigating the response to the NAO: the561
behaviour at interannual timescales resembles what was found in the study562
by Eden and Willebrand (2001), and the multidecadal variability resembles563
the results from Lohmann et al (2009b) and Krahmann et al (2001). The564
response to centennial and longer timescale NAO forcing has previously not565
been investigated in an ocean-only context. We do not find much evidence for566
a non-linear response to NAO forcing, since it is possible to reconstruct the567
AMOC at 30◦N and SPG strength using a linear combination of the NAO568
forcing for different years.569
It is well known that the anomalous patterns associated with positive and570
negative NAO are not just inverses of each other with the positive NAO having571
the centers of the high and low pressure regions shifted eastward relative to572
a negative NAO (Peterson et al (2003)). Indeed, the forcing patterns used in573
Lohmann et al (2009b) for their positive and negative NAO experiments differ574
from each other, since they base their forcing patterns on composites when the575
NAO is positive, neutral or negative separately. In the present study we restrict576
ourselves to the pattern resulting from regressing atmospheric variables on the577
NAO index resulting in positive and negative anomalies in surface fluxes that578
are roughly the negative of each other. Consistently, we do not find substantial579
differences in composites based only on positive or only on negative NAO580
anomalies (not shown). We do not expect that accounting for differences in581
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NAO positive and negative patterns would substantially change any of our582
conclusions on simulated variability.583
Coupled modelling studies have simulated variability on a wide range of584
timescales, with little consensus on preferred periodicity and atmospheric forc-585
ing pattern (e.g. Medhaug et al (2012), Wang and Zhang (2013), Ba et al586
(2014)). For the most cases the coupled models examined in the discussion587
section of Mecking et al (2014), show that the AMOC at 30◦N has weaker588
variability on timescales around 20 years than an AR(1) process. However, in589
the coupled models this effect is not as clear as in the ocean-only model forced590
with only the NAO analysed here. This indicates that other processes could be591
enhancing the multidecadal variability in the lower latitudes in these models,592
whether it be from atmospheric modes of variability other than the NAO or593
atmosphere/ocean interactions not present in the ocean-only setup used in the594
present study. Nevertheless, we hope that our results from this study can be595
useful in helping interpret results from coupled climate models.596
Using the method of integrating the NAO to investigate ocean model ex-597
periments can be a useful technique to gain insight into the dynamics on598
different timescales. This method could be applied to the results from cou-599
pled atmosphere-ocean models and can be extended to include other atmo-600
spheric forcing patterns. For example, the Scandinavian pattern (Barnston601
and Livezey, 1987) could be included allowing for possible effects related to602
convection in the Greenland Sea and the Greenland-Scotland overflows (Med-603
haug et al, 2012). This relatively simple method can be useful, without be-604
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ing computationally expensive, in making predictions (similar to Eden et al605
(2002)), as well as in inter-model comparisons.606
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Fig. 1 (a) The mean winter (JFM) downward heat flux in years when the unfiltered NAO
index is larger than plus one standard deviation, minus the mean over years when the
unfiltered NAO index is more negative than minus one standard deviation. (b) Same as (a)
but for the wind stress curl. A 9-point smoothing has been applied to the wind stress curl.
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Fig. 2 (a) Mean of the maximum mixed layer depth in each year from the SF integration
with white line indicating winter sea ice edge defined as the 0.5 contour of sea ice fraction
(b) mean AMOC streamfunction from the SF integration with the dashed line indicating the
30◦N latitude at which the AMOC index is calculated (c) mean barotropic streamfunction
from the SF integration with the black box showing the area used to compute the SPG
strength index.
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Fig. 3 Timeseries of (a) the winter (JFM) NAO, (b) AMOC at 30◦N, (c) SPG Strength
and (d) mixed layer depth in the Labrador Sea. The timeseries are unfiltered (black), filtered












































Fig. 4 The power spectrum of (a) the AMOC at 30◦N and (b) the SPG Strength, divided
into periods of 15 years or less (red), 15-65 years (green) and 65 years and longer (blue).
The AR(1) fit is shown in black with dashed lines indicated the 95% confidence interval.






































































































































Fig. 5 (a) Auto-correlation of the 15 year high pass filtered AMOC at 30◦N (light grey)
and cross-correlations of the 15 year high pass filtered AMOC at 30◦N with the 15 year high
pass filtered NAO index (dark grey), and SPG strength (black). Correlations significant at
95% are shown with a solid curve while correlations not significant at the 95% level are
shown with a dashed curve. Note that there appears to be significant correlations with value
0 because there is a sign switch between the significant correlations from one lag to the next.
(b) Same as (a) but for the SPG strength. (c,d) same as (a,b) but for 15-65 year band pass
filtered data. (e,f) same as (a,b) but for 65 year low pass filtered data.
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Fig. 6 (a) The mean barotropic streamfunction for years when the filtered NAO index is
larger than plus one standard deviation, minus the mean for years when the filtered NAO
index is more negative than minus one standard deviation from the mean. (b) same as (a)
but for AMOC. The NAO index has been filtered with a 15 year high pass filter.
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Fig. 7 (a) The mean barotropic sreamfunction 7 years before when the 15-65 year band
pass filtered SPG strength is larger than plus one standard deviation, minus the mean over
7 years before when the 15-65 year band pass filtered SPG strength is more negative than
minus one standard deviation. (b) Same as (a) but for the potential density in the upper
208 m. (c) same as (a) but in phase with the 15-65 year band pass filtered SPG strength.
(d) same as (b) but in phase with the 15-65 year band pass filtered SPG strength.
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Fig. 8 Location of boxes at which density profiles have been computed. The shading shows
the mean surface current speed from the SF integration.
Fig. 9 (a) Cross-correlation between the 15-65 year band pass filtered SPG strength and
the density of the upper 208 m in the boxes defined in Figure 8, as well as the NAO index.
(b) Same as (a) but for mean wind stress curl in each box.
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Fig. 10 (a) The mean AMOC over years when the 65 year low pass filtered AMOC index
is larger than the mean AMOC index by more than one standard deviation, minus the
mean over years when the filtered AMOC index is less than the mean minus one standard
deviation. (b) Same as (a) but for the barotropic streamfunction with the SPG strength.
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Fig. 11 Coefficients from the integrated NAO fit are shown for (a) the AMOC at 30◦N for
unfiltered data (black), 15 year high pass filtered data (red), 15-65 year band pass filtered
data (green), and 65 year low pass filtered data (blue). (b) same as (a) but for the SPG
Strength.
